I. Introduction
In engineering practice, problems involving load factors and non-structural masses are of particular interest [1] . A notable example is that of aerospace engineering. In aerospace design, for instance, non-structural masses are used in nite element (FE) models to incorporate the weight of the engines, fuel and payload. On the other hand, the most critical points in the aircraft and spacecraft mission proles are usually prescribed in terms of load factors. Thus, the importance of having accurate models able to take into account those inertial eects is evident. This aspect is also conrmed by the rich literature on the argument. In [2] , for example, structural vibrations of slender missile containing many non-structural masses were carried out by using the method of equivalent density and shell FEs. Ghosh and Ghanem [3] performed random eigenvalue analysis of a
Goland wing considering the non-structural masses attached to the wing as a source of uncertainty.
Pagaldipti and Shyy [4] demonstrated the importance of inertial eects on structural analyses and optimal designs. Nikkhoo et al. [5] carried out the vibration analysis of thin rectangular plate due to multiple travelling inertial loads. In the present paper, accurate and ecient one-dimensional (1D)
higher-order models able to take into account the eects due to localized inertia and load factors in structural analyses of complex wing structures are proposed and assessed.
Aircraft structures are reinforced thin-shells. These are also called semimonocoque constructions, which are obtained by assembling three main components: skins (or panels), longitudinal stiening members (including spar caps and stringers), and transversal stieners (ribs). A brief overview of the evolution and the state-of-the-art of modelling techniques for reinforced-shell structures is given hereafter.
A number of dierent approaches were developed in the rst half of the last century. These are discussed in major reference books [6, 7] . Among these approaches, the so-called pure semimonocoque Due to the advent of computational methods -mostly the Finite Element Method (FEM) -and to the demand for more accuracy, the analysis of complex aircraft structures continued to be made using a combination of solid (3D), plate/shell (2D) and beam (1D) models. The possible manner in which stringers, spar caps, spar webs, panels, and ribs are introduced into FE mathematical models is part of the knowledge of structural analysts and, in general, the coupling of elements with dierent dimensionality is not trivial. The works so far mentioned show a denite interest in investigating FEM applications to reinforced-shell structures including inertial eects. However, in most of the articles in literature, such as some of those cited above, plates/shells and stieners are modeled separately, and a simulation of the stiener-panel is often required. Usually, the nodes of the beam elements are connected to those of the shell elements via rigid ctitious links. This technique presents some discrepancies.
The principal problems, however, are that the out-of-plane warping displacements in the stiener section are neglected, and the beam torsional rigidity is not correctly predicted. To overcome those issues, Patel et al. [15] introduced a torsion correction factor. In Vörös' works [14, 16] , the connection between the plate/shell and the stiener was modelled through a special transformation, which included torsional-bending coupling and the eccentricity of internal forces between the stiener and the plate elements. Conversely, the formulation used in the present paper deals with reinforcedshells using a rened 1D formulation, with no need to introduce ctitious links to connect beam and shell elements. This approach is denoted to as Component-Wise (CW), and it merely makes use of the physical surfaces of the structures to build a mathematical model. Nowadays, this same result is achievable only by employing 3D solid FE elements.
CW falls within the framework of the Carrera Unied Formulation (CUF), see [17] . CUF is a hierarchical methodology that enables one to develop higher-order theories automatically, without the need for ad-hoc assumptions. According to CUF, in fact, the displacement eld is the expansion of generic functions on the beam cross-section. Depending on the choice of those functions, multiple classes of theories of structures can be formulated. For example, in the case of beam models [18] , the Taylor Expansion (TE) class makes use of Taylor-like polynomials to enrich 1D kinematics and it has been validated in various papers in the literature for both static and free vibration analyses (see for example [19] ). On the other hand, Lagrange polynomials are used to discretize the displacement eld on the cross-section in LE (Lagrange Expansion) CUF beam models, and they are employed in this work to implement CW models of complex wing structures.
In the present paper, CUF is used to formulate and compare various FE beam models -including classical, rened TE and CW ones -of reinforced shell structures. The attention is focused on the capabilities of these beam theories to deal with both static and free vibrations analyses as well as with complex loading conditions due to load factors and non-structural masses, which have been recently introduced and tested in the framework of CUF in [2022] .
The paper is organized as follows: (i) rst CUF is introduced and variable kinematic beam 
II. Carrera Unied Formulation
A. Classical beam theories and rened kinematics by TE Figure 1 shows the rectangular cartesian coordinate system and the geometry of the benchmark wing discussed in this work. In the case of simple, preliminary analyses and if suciently long, the wing might be modeled by EBBM with acceptable accuracy; the kinematic eld of EBBM can be 
where u x , u y and u z are the displacement components of a point belonging to the beam domain along x, y and z, respectively; u x1 , u y1 and u z1 are the displacements of the beam axis; − ∂u x1 ∂y and ∂u z1 ∂y are the rotations of the cross-section about the z-(i.e. φ z ) and x-axis (i.e. φ x ). According to EBBM, the deformed cross-section remains plane and orthogonal to the beam axis because crosssectional shear deformation phenomena are neglected. Shear stresses play a signicant role in several problems (e.g. short beams, composite structures), and their neglect can lead to incorrect results.
One may want to generalize Eq. (1) and overcome the EBBM assumption of the orthogonality of the cross-section. The improved displacement eld results in the TBM,
TBM constitutes an improvement over EBBM, because the cross-section does not necessarily remain perpendicular to the beam axis after deformation, and two degrees of freedom (i.e. the unknown rotations, φ z and φ x ) are added to the original displacement eld.
Classical beam models grant reasonably good results when slender, solid section, homogeneous structures undergo bending. On the other hand, the analysis of short, thin-walled, open cross-section beams may require more sophisticated theories to achieve suciently accurate results, see [23] .
Many rened beam theories have been proposed over the last century to overcome the limitations of classical beam modelling (e.g. non-fulllment of homogeneous condition of the transverse stress components at lateral surfaces of the beam); see [19, 24, 25] for a comprehensive review of beam theories. However, as a general guideline, one can state that the richer the kinematic eld, the more accurate the 1D model becomes [26] . For example, one can demonstrate that a linear distribution of transverse displacement components (i.e. u x and u z ) is needed to detect the rigid rotation of the cross-section about the beam axis. Conversely, a third-order displacement eld (see [27, 28] )
can be adopted to overcome the inconsistency of TBM and fulll the homogeneous condition of shear stresses on the lateral surfaces. However, richer displacement elds lead to a higher amount of equations to solve and, moreover, the choice of the additional expansion terms is generally problem dependent.
The Carrera Unied Formulation (CUF) can be considered like a tool for tackling the problem of the choice of the expansion terms. Let u = {u x u y u z } T be the transposed displacement vector.
According to CUF, a generic displacement eld can be expressed in a compact fashion as an N -order expansion in terms of generic functions, F τ ,
where F τ are the functions of the coordinates x and z on the cross-section; u τ is the vector of the generalized displacements; and M stands for the number of terms used in the expansion. Taylor Expansion (TE) CUF models use MacLaurin expansions as F τ ; i.e., 2D polynomials x i z j (i and j are positive integers) are exploited as basis functions to generate beam theories. It should be noted that Eqs. (1) and (2) are particular cases of the linear (N = 1) TE model, which can be expressed
where the parameters on the right-hand side (u x1 , u y1 , u z1 , u x2 , etc.) are the displacements of the beam axis and their rst derivatives. Higher-order terms can be taken into account according to Eq. (3). For instance, it is clear that the displacement eld of the third-order Reddy's model [28] (-1, -1) 
The possibility of dealing with arbitrary expansion makes the TE CUF models able to handle complex problems, such as thin-walled structures and local eects.
B. Lagrange Expansion (LE) models and Component-Wise (CW) approach
The degrees of freedom of the TE models described above (i.e., displacements and N-order derivatives of displacements) are dened along the axis of the beam. The unknown variables are only pure displacements if Lagrange polynomials are adopted as expanding functions (F τ ) in Eq. (3).
The resulting models are referred to as LE (Lagrange Expansion) and they were rst introduced in [29] . Recently, LE beam theory has been utilized for the Component-Wise (CW) modelling of complex structures, namely aerospace [30, 31] and civil engineering [32] structures. The term CW refers to the fact that Lagrange elements are used to model the displacement variables in each structural component at the cross-sectional level.
In this work, three types of cross-sectional Lagrange polynomial sets were adopted to build CW models, and they are shown in Fig. 2 . In particular, three-point linear (L3), four-point bi-linear (L4), and nine-point bi-quadratic (L9) polynomials were used. The isoparametric formulation was exploited to deal with arbitrary shaped geometries. The Lagrange polynomials can be found in [33] . However, the interpolation functions in the case of the L9 element are given as an example
where r and s vary from −1 to +1, whereas r τ and s τ are the coordinates of the nine points whose numbering and location in the natural coordinate frame are summarized in Fig. 2c . The displacement eld given by an L9 element is therefore
where u x1 , ..., u z9 are the displacement variables of the problem and they represent the translational displacement components of each of the nine points of the L9 element. For further renements, the cross-section can be discretized by using several L-elements as in Fig. 3 , where two assembled L9 elements are shown; this is one of the most important characteristics of the CW approach.
Most of the engineering structures are made of dierent components, such as spar caps, stringers, longerons, ribs and panels in the case of aerospace constructions. However, these components usually have dierent geometries and scales. Through the CW approach, one can model each typical part of a structure through the 1D CUF LE formulation. In a nite element framework, this means that techniques might be used, see [34, 35] . If a rib were present in the wing in Fig. 4 , it would be modelled by beam elements laying on the longitudinal axis, see [30] . One of the main feature of the CW methodology is that it allows for tuning the capabilities of the model by (i) choosing which component requires a more detailed model; and (ii) setting the order of the structural model to be used. Higher-order phenomena (i.e., warping and 3D strain eects) can be, in fact, automatically described by CUF models by opportunely enriching the beam kinematics (see [17, 30] ). Moreover, via the CW approach, FE mathematical models can be built by using only physical boundaries;
articial lines (beam axes) and surfaces (plate/shell reference surfaces) are no longer necessary.
III. Finite Element Approximation

A. Fundamental nuclei
The FE approach is adopted to discretize the structure along the y-axis (i.e. the longitudinal axis in Fig. 1 ). This process is accomplished via a classical nite element technique, where the displacement vector is given by
N i stands for the shape functions of order p and q τ i is the nodal displacement vector,
The shape functions are not given here. They can be found in many books, see for example [36] .
Elements with four nodes (B4) were adopted in this work, i.e. a cubic approximation (p = 3) along the y axis was assumed. The cross-section discretization for the LE class (i.e., the choice of the type, the number and the distribution of cross-sectional Lagrange elements), or of the theory order N for the TE class, are entirely independent of the choice of the beam nite element to be used along the axis of the beam.
The stiness and mass matrices, as well as the loading vector of the elements, are obtained via the principle of virtual displacements, which in its general form holds
where L int stands for the strain energy; L ext is the work of the external loads; L ine is the work of the inertial loadings; δ stands for the virtual variation; V = Ω × l is the volume of the beam, Ω being the cross-section area are and l the length of the structure; and σ are the strain and stress vectors, respectively. The virtual variation of the strain energy is rewritten using the constitutive laws, the linear strain-displacement relations, and Eq. (8) . It reads
where K ijτ s is the stiness matrix in the form of the fundamental nucleus. The derivation of the FE fundamental nucleus of the stiness matrix is not repeated here for the sake of brevity, but it is given in [17] , where more details about CUF can also be found. However, the components of the stiness matrix nucleus are provided below and they are referred to as K ijτ s rc , where r is the row number (r = 1, 2, 3) and c is the column number (c = 1, 2, 3).
where G and λ are the Lamé's parameters. If Poisson ν and Young E moduli are used, one has
. The fundamental nucleus has to be expanded according to the summation indexes τ and s in order to obtain the elemental stiness matrix.
The virtual variation of the work of the inertial loadings is
Tü dV (13) where ρ stands for the density of the material, andü is the acceleration vector. Equation (13) is rewritten using Eq. (8) δL ine = δq
where M ijτ s is the fundamental nucleus of the mass matrix. Its components are provided below and they are referred to as M ijτ s rc , where r is the row number (r = 1, 2, 3) and c denotes column number (c = 1, 2, 3).
It is noteworthy that no assumptions about the approximation order have been made in formulating K ijτ s and M ijτ s . It is, therefore, possible to obtain rened beam models without changing the formal expression of the nuclei components. This property of the nuclei is the key-point of CUF that allows, with only nine coding statements, the implementation of any-order of multiple class theories.
The loadings vector which is variationally coherent to the model can be derived with relative ease in the case of a generic concentrated load P acting on the application point (x p , y p , z p ),
Any other loading condition can be treated similarly. The virtual work due to P is
After using Eq. (8), Eq. (17) becomes
where F τ and N i are evaluated in (x p , z p ) and y p respectively. The last equation allows the identication of the components of the nucleus that have to be loaded, that is, it allows the proper assembling of the loading vector by detecting the displacement variables that have to be loaded.
In the next section, the attention is focused on the special cases of load factors and non-structural masses.
B. Load factors and non-structural masses in the framework of CUF theories When using classical beam theories, translational as well as rotational load factors are usually applied with respect to the reference axis -or with respect to the shear axis if transverse stresses are also modelled. In this paper, the capability of the present rened beam models to take into account the eects due to 3D distributions of applied inertial loads is also highlighted. Let the following acceleration eld be applied to the structure:
The virtual variation of the external work, δL ext , due to the acceleration eldü 0 is given by
Equation (8) is substituted into Eq. (20) . It reads
where the term between square brackets is the fundamental nucleus of the mass matrix M ijτ s . The virtual variation of the external work is, therefore, written as
where P iτ ine is the nucleus of the loading vector due to the acceleration eld. It is important to underline that arbitrarily 3D distributed accelerations can be applied for both TE and LE, even though they are beam models.
In the present paper, the eect due to non-structural masses is also investigated. Localized inertia can, in principle, be arbitrarily placed in the 3D domain of the beam structure. In the framework of the CUF, this is easily realized by adding the following term to the fundamental nucleus of the mass matrix:
where I is the 3 × 3 identity matrix andm is the value of the non-structural mass, which is applied at point (x m , y m , z m ).
IV. Numerical Results
The present rened 1D models have been evaluated by analyzing several congurations of a metallic benchmark wing, which is depicted in Fig. 1 . The considered wing is straight with a NACA 2415 airfoil. The chord c is equal to 1 m. The thickness of each panel is 3 mm, whereas the thickness of the spar webs is 5 mm. The cross-sectional dimensions of the spars caps can be found in [31] , together with further details on the benchmark wing. The overall length of the structure is l = 6 m.
For illustrative purposes, the wing is completely metallic and the adopted material is an aluminium alloy with the following characteristics: elastic modulus E = 75 GPa; Poisson ratio ν = 0.33; and density ρ = 2700 kg/m 3 .
First, the wing conguration with no ribs is assessed. Next, more complex wing structures are discussed to highlight the capabilities of the present beam models to dealing with transverse stiening members and windows. Both TE and CW models of the benchmark wing were developed, and the correspondent results were compared both with classical beam theories and FE models from the commercial codes MSC Nastran and Abaqus. Regarding those FEM models used for comparisons, both full 3D models and models obtained by combining 2D shell ad 1D beam elements have been considered. Although, the 3D elasticity models have been mainly used for comparing static analyses results because of their capabilities to detect complex strain/stress elds. The solid FEM models were obtained by using eight-node CHEXA Nastran elements. On the other hand, the shell/beam model was obtained by using S4R shell elements for the panels and spars webs and B31
beam elements for the spars caps. The sizes of the nite elements for both the Nastran and Abaqus FE models derived from convergence analyses. Similarly, 8 B4 and 9 B4 elements were respectively used along the beam axis in the case of CW and TE models, which ensured convergent results. In the case of the ribbed conguration, one B4 element for each rib was added.
In the analyses discussed in the following sections, the attention is particularly focussed on the enhanced capability of the present CW models to eciently deal with complex reinforced structures undergoing inertial loadings, including load factors and localized non-structural masses, both in the case of static response and vibration analyses. Table 2 quote the vertical displacement u z measured at point 2 on the crosssection at the free edge, and the stress components σ yy and σ yz respectively at point 3 on the clamped end and at point 5 on the mid-span cross-section. The results from the present higherorder beam formulations based on both TE and LE are shown in Table 2 and compared to the 3D solid model by MSC Nastran. Solutions from classical theories (EBBM and TBM) are also given, and they are retrieved as particular cases of the linear (N = 1) TE model. Regarding rened TE models, second-(N = 2) to eighth-order (N = 8) approximations are quoted in the table. The CW model used for the proposed analysis was built by using a combination of L9 elements on the wing cross-section as outlined in [31] . The number of the degrees of freedom (DOFs) is also given in Table 2 for each model implemented. Figure 6 shows the tip cross-section deformation of the wing by dierent models for the load case under consideration. Furthermore, Fig. 7 shows the distributions of the shear stress component σ yz by TBM, higher-order TE model, CW, and the MSC Nastran solid solutions. In particular, Fig. 7a shows the trend of the transverse stress through the spanwise direction (y-axis) in correspondence of point 5 (see Fig. 5 ). Moreover, the distribution of σ yz along the main spar at the mid-span cross-section is depicted in Fig. 7b . Finally, Figure 8 shows the spanwise distribution of the axial stress component σ yy measured at the four spar caps.
In a second load case (see Table 1 ) the wing underwent an uniform load factor directed to the positive direction of the z-axis. The magnitude of the acceleration eld was equal to 1 g, with g being the gravity acceleration. Results in terms of displacements and stress components, which are measured at the same points as in the previous load case, are given in columns 6 to 8 in Table 2 . Figure 9 shows the deformation of the tip cross-section by EBBM, the seventh-order (N = 7) TE model, the CW model and the MSC Nastran 3D model. It is clear that, even for load case 2, the wing with no rib is still subjected to dierential bending deformation.
To further underline the 3D capabilities of the present beam formulation, a non-structural mass was applied at point 5 at y = EBBM TE, N=7 Solid CW Table 2 . Finally, Fig. 10 displays the distribution of σ yz along the y − axis for the wing with localized inertia subjected to the unitary load factor. The results of the static analyses of the wing without the ribs underline that 1. Lower-and higher-order models based on TE as well as classical beam models can be locally accurate in terms of displacement and axial stress components (e.g., in the close proximity of the top cap of the main spar). However, those models are not able to correctly describe the overall static response of the wing structure, especially if non-symmetrical loadings are applied and cross-sectional strains/stresses are involved. It is, in fact, clear that, even in the simple case of axial stress analysis, TE-based CUF models produce some errors that increase close to the clamped section.
2. TE-based models, including EBBM and TBM, are inadequate for detecting transverse shear stress components in spar webs; in particular, TBM underestimates shear because it is not able to foresee torsion and dierential bending. In the case of rened TE models the accuracy is slightly increased in terms of shear stresses as the theory order N increases.
3. According to the 3D reference solution, the CW model is perfectly able to foresee the mechanical behaviour of the wing both in terms of displacements and stress eld, even if severe dierential bending due to non-symmetrical loads (e.g. localized inertia) is involved.
4. The computational eorts demanded by the 1D CW model are signicantly lower than those required by the solid Nastran model.
Eect of ribs and windows on the static response analysis
Eects due to ribs on the predictive capabilities of the proposed 1D methods for static analysis under inertial loads were also examined. Three ribs with thickness of 6 mm each were, therefore, applied to sections y = 2 m, 4 m, and 6 m. Additional details about the modelling of the three-bay wing structure, and in particular the CW modelling of the rib, can be found in [31] . In the proposed analyses, the three-bay wing underwent an uniform load factor, n z = 1 g, directed to the positive verse of z-axis (i.e. load case 2 in Table 1 ). The results are shown in columns 2 to 5 of Table 3 .
Both displacement and stress components are given along with the number of DOFs for each model implemented. The measurement points were the same as in the previous analyses. The spanwise distributions of the axial stress components at the spar caps of the three-bay wing are depicted in Fig. 11 . On the other hand, Fig. 12 shows the tip cross-section deformation for the case under consideration. The following comments stem from the analysis of the three-bay benchmark wing:
1. Due to ribs, the wing is more rigid within the cross-sectional plane. As a consequence, higherorder eects play a marginal role in this particular wing conguration. For this reason, even classical beam models can be eective in detecting the structure deformation. Table 3 Selected values of uz, σyy and σyz; Three-bay wing, both without and with underside window, subjected to load case 2
Models
Three-bay wing Three-bay wing with opening a u z at 2 , y = l; b σ yy at 3 , y = 0; c σ yz at 5 , y = l/2 2. Stress analysis still requires rened models, although. If compared to the solid model, maximum relative errors close to 70 % for axial stress are still produced by EBBM and TE analyses.
However, results in terms of stress components are slightly improved with respect to the analysis of the rib-free conguration. Table 1 . Results in terms of displacements and stress components are reported in the last columns of Table 3 . Figure 14 shows the distribution of the axial stress σ yy along the four stringers evaluated according to dierent models. Finally, for the same load case, Fig. 15 summarizes the comparison of the results in terms of shear stress σ yz between the CW and the Nastran 3D models. In particular, 
B. Free vibration analyses
The free vibration characteristics of the metallic benchmark wing are discussed in this section.
The conguration with no ribs is addressed rst. Table 4 shows the rst eight natural frequencies of the wing both without and with a non-structural mass applied. The weight of the non-structural mass was equal to 300 kg and it was applied as in load case 3 (see Table 1 ). In Table 4 , the results by the classical beam models (EBBM and TBM) are given in columns 2 and 3. The natural frequencies according to the the second-(N = 2), fourth-(N = 4), sixth-(N = 6) and eighth-order (N=8) rened TE beam models are given in columns 4 to 7. The results of the CW model are quoted in column 8. In the last column of Table 4 , the MSC Nastran solid solution is given for comparison purposes. The number of DOFs is also given in the table for comparing the computational demand for each model. As it is clear, bending, torsional, coupled bending-torsional, and shell-like modes were detected in the proposed analysis. A shell-like mode is a modal shape that involves crosssection deformation. The term shell" is used because this kind of mode is usually foreseen by 2D plate/shell models. In Fig. 16 the Modal Assurance Criterion (MAC) matrix between the CW and the solid model is shown to further underline the good accuracy of the proposed methodology. MAC is, in fact, dened as a scalar representing the degree of consistency between two distinct modal vectors (see Ref. [37] ) as follows: 2. Because of dierential bending phenomena, which are further magnied by the non-structural mass, higher bending frequencies are not correctly represented by classical and rened TE beam models; CW or 3D elasticity models are needed instead.
3. At least a second-order (N = 2) TE model is needed to detect torsional modes. However, very high order of expansion are necessary in the case of TE to correctly catch the related natural frequencies.
4. TE models are not able to detect shell-like frequencies. Those modes are instead correctly identied by the CW models, which are in good agreement with the Nastran models. and Nastran model if a non-structural mass is applied because coupling phenomena occur.
Free vibrations of the three-bay conguration
The eects of the ribs on the free vibrations of the considered wing structure are further investigated, and the eciency of the proposed 1D models veried. Table 5 shows the rst eight natural frequencies from the various models examined. The frequencies of the wing with non-structural mass as in the previous analysis are also given in Table 5 . In the study case with no localized inertia, the results by a Shell/Beam Abaqus model are also presented together with the results from the other models discussed so far. The correspondence between the modal shapes obtained by the a: bending within yz plane; b: bending within xy plane MSC Nastran 3D solid and the CW models was further investigated through MAC analyses, which are shown in Fig. 18 . Some selected modal shapes are nally depicted in Fig. 19 . The following statements hold: Those transversal stiening members, in fact, limit the cross-sectional deformation in accordance with classical beam modelling hypotheses. Thus, bending frequencies are correctly described by relatively low-order beams, such the fourth-order (N = 4) TE model. Classical models are still inaccurate for higher bending frequencies.
2. If localized inertia is considered, the related coupled modes need higher-order approximations in the case of TE.
3. The Shell/Beam Abaqus model produces some errors, even at the rst bending frequencies.
These errors are due to the geometrical inconsistency of the model. In fact, ctitious lines and planes are employed in the Abaqus model in order to dene the domains for the 1D and 2D FE approximations. Thus, unlikely the 3D solid and the proposed beam models, a ctitious geometry is used in the Shell/Beam mathematical description. However, these kind of models are widely used in common practice, and their accuracy can be, in principle, improved by exploiting experimental testing and model updating.
4. The CW approach only exploits real physical surfaces to model the structure. That was only possible till now by using solid models.
5. The correspondence between the CW and the Nastran solid model is excellent and improved with respect to the previous analysis where ribs were not considered. As shown by MAC, in fact, even if non-structural masses are employed and coupled phenomena are present, the mode shapes by the CW model match those by the reference solid model.
V. Conclusions
Various nite beam elements able to include spatially distributed load factors and non-structural masses have been formulated and applied to the analysis of metallic wing structures. The proposed models have been formulated by using the Carrera Unied Formulation (CUF), which is a tool for the automatic implementation of variable kinematic theories. The 3D displacement eld is, in fact, approximated through arbitrary cross-sectional functions in the framework of 1D CUF.
According to previous research, rened beam models are formulated by making use of either Taylor 2. Higher-order TE models may be aected by severe errors in stress analyses, even if symmetric loading conditions and simple wing congurations are analysed.
3. FE models built by assembling 2D/shell and 1D/beam elements can be aected by inconsistencies due to geometrical approximations demanded by modelling techniques.
4. CW models only use physical surfaces in modelling wing structures, and they are the best compromise in terms of accuracy and eciency if: (i) accurate stress analysis is required; (ii) non-negligible cross-sectional deformations, e.g. due to dierential bending, are involved; (iii) geometrical discontinuities, such as windows, are present; (iv) coupling phenomena due, for example, to complex loadings, including load factors and non-structural masses, are considered; (v) accurate free vibration analysis involving couplings and shell-like mode shapes are needed. CW models have, in fact, been successfully compared to complex 3D FEM models by
